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ABSTRACT
The properties of detergents have been the subject of
many investigations.

For this investigation a series of

psuedo-lsomeric cationic detergents was synthesized and the
effect of this isomerism on micellar molecular weight, criti
cal concentration and solubilization studied.

Micellar

weights and critical concentration of the detergents were
determined by light scattering in aqueous and salt solutions.
The solubilization of benzene and its effect on micellar
size was also investigated.
The compounds prepared in this study were:
trimethylammonium bromide
ammonium bromide

(I),

n-tetradecyl-

(£-naphthyl)-butyltrimethyl-

(II), >(*-tetryl)-butyltrimethylammonium

bromide

(III), /t(r-phenylphenyl)-ethyltrimethylammon-ium

bromide

(IV), and £(P-cyclohexylphenyl)-ethyltrimethylammo-

nium bromide

(V).

Critical micelle concentrations of the detergents in
salt solutions decreased with increasing salt concentration
with the data fitting a series of straight lines when plotted
as ln (cQ * csalt^ vs

^co^*

Compounds II and III had

critical concentrations that were identical.

A correlation

was found between log (cQ ) and the area of the hydrophobic
part of the detergent as determined from Fischer-Hirschfelder
atomic models.
ix

The micellar molecular weight of I Increased from
27*000 ln water to 59*000 ln

0*050 M NaBr.

and III were 25*000 and 47*000*

The weights of II

Because of the high critical

concentration of II and IIIt their micellar weights did not
Increase in salt solutions*
20*000 in water*

Compound IV had a weight of

Compound V precipitated upon reaching Its

critical concentration ln aqueous and salt solutions.
It was found that some time was required for tne
turbidities to reach a final stable value when a detergent
with an Impurity in it was diluted to a concentration below
C0 *

The rate controlling step may be the dissociation of

the micelle or agglomeration of the insoluble Impurity*
The amount of bensene solubilized by the detergents
varied considerably*

The order of solubilizing power for

the detergents was I > III > IV with II solubilizing very
little and V none*

The Increase in micellar weights when

bensene was solubilised was found to follow the same order*
Calculations based upon volume-area relationships of
molecular models and detergent data Indicate that a spherical
shaped micelle is possible for the normal alkyl detergents*
In the case of the oycllc detergents* a spherical model could
not be formed due to the configuration of the hydrocarbon
ohalns unless a small amount of impurity was present.

A

relationship between the type of polar head and solubilizing
power of the detergent was postulated*.

x

INTRODUCTION
Soapsi a kind of detergent, have been known and used
since the time of Ceasar.^-

However* it was not until the

twentieth century that the chemist developed a synthetic
substitute*

A detergent molecule consists of a hydrophobic

part and a hydrophilic group.

The hydrophobic part is usually

a hydrocarbon chain, while the hydrophilic group may be one
of three types*
group, e.g.,

An anionic detergent has a negatively charged

carboxylate, sulfate or sulfonate.

are most common today in commercial detergents

These types
A cationic

detergent generally has a positively charged ammonium group.
The third type of detergent has a nonlonic, water-soluble
group such as poly-ether, poly-alcohol, or poly-amide for
its hydrophilic part.

There

is

also a minor group of ampho-

lytic compounds which have both cationic and anionic groups
in the detergent molecule*
The principle commercial interest ln these compounds lies
in the unusual surface activity and solubilizing properties
of their solutions.

This investigation is concerned principally

with the bulk solution properties rather than the surface
effects.

Several theories have been presented ln an attempt

^Pliny, the eldert (translated by Bostock, J* and
Riley, H. T.), (London: Bohn, 1856) V, Bk. 26, Chapter 51.

1

2

to explain the abnormalities that occur when one studies
detergent solutions by methods generally applied to colloidal
electrolytes.

The data^ given In Figure 1 are typical of

various detergent aolutions.

In general, the theories agree

that an aggregation process occurs ln the detergent solution
with the formation of detergent micelles.

As It Is seen ln

Figure 1, the breaks in the curves all occur above zero con
centration.

This concentration Is referred to as the "critical

micelle concentration"or cQ .

Most of the theories agree that:

(l) micelle formation does not take place until this concentra
tion region is reached,

(2) the size of the micelle in dilute

concentrations has a narrow size distribution,

(3) the concen

tration of monomer above cQ does not Increase but remains
relatively constant.
Although a great deal of experimental and theoretical work
has been done to resolve these theories, there still is much
to be desired in arriving at a conclusion which will quantita
tively as well as qualitatively account for these and other
observations that have been made.
For this study a series of cationic detergents was
chosen*

All of the detergents are alkyl trimethylammoniurn

bromides which have the same number of carbon atoms in the
hydrophobic chain but differ in structure.

The effect of

^M. E. L. MeBain and Eric Hutchinson, Solubilization
and Related Phenomena (New York:
Academic Press inc.. 19551.
Fp7 29-45.

1
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this pseudo-isomerism on the micellar weight,
solubilization was studied*

REVIEW OF THE LITERATURE
A*

Detergents
Although many investigations have been made on various

soaps and detergents, it should be pointed out that many of
the early studies were made with commercial or technical
grade compounds.

It is now known that small amounts of

impurities may cause unusual changes in the measured properties,
thus one should give more weight to conclusions drawn from
systems involving pure compounds*
The theory of detergents has been approached from two
points of view:

(l) mechanistically by proposal of a micellar

model or models and explanation of data based on them,

(2)

thermodynamically with little emphasis on the physical shape
of the micelle.
The first theory on detergents of significance was pre
sented by McBain* in 1913*

He postulated the existence of two

types of micelles in solution:

a small spherical, hydrated,

ionic one and a lamellar weakly conducting one.

The

ionic

one could account for anomalies in conductivity data while
the lamellar one would give the observed osmotic effect.

. W. McBain, Colloid Science
and Company, 1950), 256.

5

(Boston:

D. C. Heath

6

Hartley^ proposed a spherical Ionic micelle which was
composed of the hydrocarbon chains in the center and the
charged groups on the surface*

Attached to the surface were

a number of oppositely charged ions called ngegen ions".
With this single model he could account for the observed
conductivity and osmotic properties*

The principle objection

to Hartley*s model was that when micellar weights became large
all of the hydrocarbon chains could not be accomodated in the
volume of the sphere*
H a r k i n s ^ a s a result of X-ray diffraction measurements,
presented a model for the micelle which may be described as
being analogous to a bundle of wheat*

The micelle consists

of a double layer of detergent molecules with the hydrocarbon
chains aligned ln the center with the charged groups lying in
the circular flat ends*

This type of micelle would have room

for the hydrocarbon tails and still have desirable properties
of Hartley*s model*

2

0.
S. Hartley, **The Solvent Properties of Aqueous
Solutions of Paraffin Chain Salts* Part I. The Solubility of
trans-Azobenzene in Solutions of Cetylpyridinium Salts,** J*
d h e m * Soc *, 193d* Part II. 1966-75*
“
^W. D. Harkins, R. V. Matton, and M. L. Corrin, "Structure
of Soap Micelles Indicated by X-rays and the Theory of Molecular
Orientation*
I. Aqueous Solutions,** J. Art. Chem* Soc *, LXVIII.

(1946), 220-26•

“

—

---

^R* W. Matton, R. S* Stearns, and W. D. Harkins, "Structure of Micelles of Colloidal Electrolytes*
III* A New LongSpacing X-ray Diffraction Band, and the Relations of Other
Bands,** J. C h e m . P h y s *, XVI (1946), 644*

7

Debye^ developed a theory of micelle structure for
cationic detergents which involved the balancing of attractive
(van der Waals type) and repulsive
give stable micelles.

(electrostatic) forces to

He assumed for a model a micelle of the

type proposed by Harkins.

The energy gained by bringing N

hydrocarbon tails together is proportional to the number of
detergent monomers since only short range molecular forces
(van der Waals) are involved or

(1 )
= Total energy gained
.M

- Number of monomers In micelle

W n * Energy gained by adding one monomer to the micelle
The repulsive forces are coulomblc in nature and operate over
a longer range.

To evaluate the repulsive forces, the elec

trical work required to build up a charged disk Is calculated.
The w o r k is proportional to the radius cubed.

Since the

number of molecules is proportional to the radius squared* the
total electrical energy required to form a micelle of N
monomers is

(2 )
where we is a fundamental unit of electrical energy.
The total energy of the micelle is then

^P. Debye* "Light Scattering in Soap Solutions)" J.
P h y s . and Colloid Chem.. LIII (1949;* 1-8.

a

It is seen that electrostatic energy increases more rapidly
than the attractive energy, wm .

An equilibrium value is

obtained by differentiating equation
results equal to zero.

_
•N® -

andsetting the

The result gives

aV;
3 V,

kt*

or substituting in equation

H

(3 )

=

(4>

(3 )

- N„ ^

The micelle is more stable than Nq separate molecules
and work would be required to increase or decrease the equilib
rium number, N0 .

W0 can be evaluated from the thermodynamic

principle that ^ F ° = kT InK, where K * £ionomerJ‘*°/{J:icelle3„
This method yields
W

e =

O J „ -

2 ) k T

In c.

(6 >

Several papers^'?'^ were published on the basis of
Debye's theory.

Debye and Hagen discuss the effect of chain

length of a series of homologous cationic detergents on the
micellar size and cQ .

They found that the number (Nc ) of detergent

P. Debye and E. W. Anacker, "Micelle Size and Chain
Length," Technical Report to the Office of Rubber Reserve
(Reconstruction Finance Corporation).
^P. Debye and E. W. Anacker, "Micelle Shape from
Dissymmetry Measurements," J. Phys. and Colloid Chem., LV
(1951), 644-55.
~
----------------a
P. Debye and R. M. Hagen, Technical Report to the
Office of Rubber Reserve (Polymer Research Branch) (Reconstruc
tion Finance Corporation.)

9

monomers in a micelle

could be related to the number of

carbon atoms in the hydrocarbon chain (V) by the following
expression

8*

—

A

+

B /

(7)

b v

<s >

and c0 is related by

In

c. —

C +

where A, B, C, and D are constants for the given homologous
series*
Calculations were made to check the validity of Debye's
assumptions.

The energy, w m was computed from c0 data and

actuations (5) and (6) assuming (N0 -l) was approximately equal
to Nc , and the results were compared with data on hests of
vaporization for the corresponding hydrocarbons.

Rough cal

culations for We were made from equation (4) and good agree
ment was obtained between the electrostatic equations calculated
and experimental values for the micelle.
It was also shown that by decreasing the dielectric
constant of the solvent, a lower micellar size was obtained*
A mixture of glycerin and water was used as the solvent.

The

molecular weight decreased more rapidly than one would expect
from the changes in the dielectric constant.

This was probably

due to some sort of selective adsorption of the glycerin in
the neighborhood of the micelle.

10
o
Ooschika

ln a more recant paper on the theory of critical

micelle concentration in detergents pointed out several errors
in Debye's theory.

Reich‘S

also pointed out these errors in

presenting his theory for micelle formation.

They are sum

marised as follows:
1)

Debye minimized the *AF of the micelle and not the
system.

2)

Entropy effects associated with micelle formation
were not considered.

3)

The "gegen ion" effect was not included in the
theory.

4)

Wfc ia not constant but must increase as the monomer
is added to the micelle, otherwise the greatest
concentration of detergent would be found in dimers.

Reich*^ developed a theory by starting with the free
energy relationship A F° a -k Tin K and equilibrium expression
for N monomers

(A) associating to form a micelle An .

Com

bining these one obtains equation (9)» i f A O ^ - o or A H ° 2 t A E °

*F° = -kT lnppL = ^E° + T^S"

(9)

or

In C A » ]

=

+

N In [ A l

(10)

Ooshika* "A Theory of Critical Micelle Concentration
of Colloidal Electrolvte Solutions•" J. Colloid Sci.. IX (1954)*
254.
“
1°I. Reich* "Factors Responsible for the Stability of
Detergent M i c e l l e s J . Phvs. Chem., %X (1956)* 257.
11Ibid.

11

and

are functions

of N and must bo evaluated

as such to use the equation.
The entropy change, s, per monomer entering a micelle
is assumed to be constant for each monomer or
If the Debye relationship for

from equation

for

the following equation is obtained:

A plot of

On]

v s * N gives a distribution curve as shown in

Figure 2a for small values of M
M

•

(3) is used

and 2b for large values of

This obviously does not predict the occurrence of micelle

formation•
Reich then considered the energy term as a function of
the interfacial energies.
unite to form a micelle,

When N coiled hydrocarbon spheres
the fraction of the interfacial sur-

face area that is eliminated is

{1 —

^

— is the total

surface energy per molecule, them the energy gained per micelle
is - s t a

- ■$*) •

Im [ A n ] =

Substituting into equation

+

N

(10) gives

u [A]

(12,

The distribution curve for this equation is given in Figure
2c.

It is seen that there is no maximum in the micelle size

and that a phase separation would be obtained.
With detergents, however, only a fraction of the
interfacial area, A, of each monomer is lost when it Onters
a micelle.

This is because part of the surface, S, is due to

12
Theoretical Distribution Curves for
Number of Monomers in Micelle

\

M

—

N __

(2a)

(2b)

N

/

N
(2d)

(2c)
Figure 2
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the polar group and does not enter the Interior of the micelle.
Thus on modifying the energy term further to account for this,
he obtains:

U

i

.

>

+ / j |h C a

j

A rough calculation of the aggregation size distribution was
A
made with approximate values of
, £ and si for a polyether
type detergent.

The distribution curve of this equation for

varying concentrations of A is presented in Figure 2d.
A micelle is considered complete when the polar groups
completely cover the outside of the micelle.

In some cases

where the polar group covers a small amount of the total sur
face of the monomer,

the micelle will grow to a size twice the

length of the hydrocarbon chain before the outside has been
covered completely with polar groups.

If it grows any larger,

either the polar groups would be drawn into the interior of
the micelle or the preferred spherical shape of the micelle
would be distorted.

In this case, Reich considered the

micelle complete when its diameter became twice the length
of the detergent molecule.
Thus, according to this general treatment, the size of
A
the micelle is dependent upon the geometric ratio
, and
the cQ on the relative magnitudes of € and s.
detergents,

For ionic

Reich adopted Debye*s term for the coulombic

f o r c e s T h i s

term is added ta equation

points out that while a lamellar micelle

(13).

Reich

(McBain type) would

14
g r o w to an Infinite size in the case of a nonionic detergent,
the charges on the ionic micelles would stabilize the micelle
if the coulombic forces are not reduced too much by the "gegen
ions".
12
Ludlunr*’ investigated a series of isomeric dodecylbenzenesulfonates

(ortho-» meta-, and para- i s o m e r s ) .

were not pure compounds.

His detergents

There was isomerism ln the dodecyl

side chains as well as small amounts of the other isomers in
each compound.

His data agreed with Reich's theory.

He

found that when the hydropholic nature of the hydrocarbon
increases, the cQ decreases and the micellar weight increases.
A general theory for micellar solutions was developed
with the aid of statistical mechanics by Hoeve and Benson. ^
Evaluation of the partition functions which were derived was
difficult as is the case with other complex systems.

Possible

distributions of micellar sizes were derived on the basis of
a liquid-like structure for the interior of the non-ionic
detergent micelle.

Spherical micelles are predicted until the

radius is equal to the hydrocarbon chain length.

The predicted

shape for larger micelles is plate-like rather than rod-like.
The case of ionic detergents presents an even more difficult
problem due to variations in long range electrical forces
when extraneous salts are absent and is only briefly mentioned.
Criticism is also given to the interpretation of experimental

12

D. B. Ludlum, "Micelle Formation in Solution of Some
Isomeric Detergents” , J. P h y s . C h e m ., LX (1956), 1240.
■^C. A. Hoeve and G. C. Benson, "On the Statistical
Mechanical Theory of Micelle Formation ln Detergent Solutions",
J. Phys. Chem., LXI (1957)» 1149*

15
results based on a constancy of micellar size and single ion
concentration above the cQ *

Because of the limitations of the

model chosen for the micelle and the qualitative nature of the
evaluation of the theory, little use has been made of it*
Stainsby and Alexander^ analyzed the change in free
energy for a system of detergent monomers
ing to form micelles

(dissolved)*

(dissolved) associat

They give d F as

-WV("Aa-M*) + N(Ln~ L*) + ^ £ -

4 = --fMT - tfT(s„-ss)

llu)

t
Y « effective "interfacial11 tension between paraffin

where

chain and surrounding water molecules*

A,

jAs« effective areas of oll-water contact of detergent
monomer inside and outside of the micelle.
■ vibrational and rotational contributions for
micelllzed and single species*

A £"
S ^ jS

b

jb

repulsive electrostatic energy.
entropy terms for micelle and monomer.

Although this equation is general and correct, there still
remain

the problems encountered previously of evaluating the

magnitudes of the different terms.

In the evaluations of the

terms they used the macroscopic values for interfacial tension,
heatu of fusion and vaporization, etc.

Again only approximate

agreement was obtained between experimental and calculated values.

'^G. Stainsby and A. E* Alexander, "Studies of Soap
Solutions* Part II* Facto: s Influencing Aggregation in Soap
Solutions,” Trans * Faraday Soc *, XLVI (1950)| 5b 7*

16
In a recent paper. Tartaric proposed a procedure for
calculating the approximate micellar molecular weight of a
detergent by assuming the micelle Is spherical with a radius
equal to the length of the hydrocarbon chain and has a
density approximately equal to that of the hydrocarbon.

Devia

tions from experimental and calculated values of the molecular
weight and other conclusions will be discussed in a later
section (p. 1 10 )«
Prior to 1936 the study of solubilization was mostly
empirical and qualitative.

Engler and

D i e c k h o f f l ^

were among

the nineteenth century investigators who studied solubilization.
After extensive study in which only visual observations were
made, they made several Important discoveries that include the
following.
1. Solubilization increased with chain length.
2. Addition of the corresponding acid to a sodium
salt solution increased its solubilizing power.
3* Excess alkali decreases the solvent action of
a sodium soap solution.
These observations were corroborated later by quantitative
measurements.

Much of the work in the early twentieth cen

tury on biochemical systems and solubilization of dyes was
still empirical in nature.

V. Tartar, "On the Micellar Molecular Weights
of horinal Paraffin Chain Gaits in Dilute Aqueoun Solutions,"
J. Colloid 3c i ., XIV (1959) 115-22.
. W r g l e r and E . Dieckhoff, A r c h .
(1392), 561.

P h a r t n . , CCXXX
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In 1936 MeBain and McBaiif^

established the important

fact that in detergent systems, the various components are
in truei thermodynamically stable equilibrium and that the
systems are reproducible and independent of their previous
history*

With the development of modern instrumental tech

niques information on possible mechanisms of solubilization
has been obtained*

X-ray diffraction studies established

the presence of organized m i c e l l e s ^ and indicated that the
solubilized benzene is incorporated in the interior of the

«

micelle•
As a result of the paper by McBain and the early x-ray
studies, many investigations were made in an attempt to
quantitatively explain the phenomena of solubilization.

These

investigations showed that there are many factors that in
fluence solubilization, among which are:
nature and size of the solubilizer,

(2 ) effect of the nature

and characteristics of the solubillzate,
ionic nature of the solubilizer,
trolyte,

(l) effect of the

(3 ) effect of the

(4 ) effect of added elec

(5 ) effect of added non-electrolyte, and

of temperature change.

(6 ) effect

Because McBain and Hutchinson^9 give

an excellent review of solubilization,

only a summary of

. W. McBain and M. £. L. McBain, "The Spontaneous
Stable Formation of Colloids from Crystals or from True Solu
tion through the Presence of a Protective Colloid," J. Am.
C h e m * S o c «, LVIII (1936), 2610.
” ~
Hess, H. Kiessig and W. Philiphoff, "The X-ray
Picture, Double Refraction and Viscosity of Flowing Sols,"
Naturwissenshaften, XXVI (1938), 134*
^ M . E. L* McBain and E. Hutchinson, Solubilization
and Related Phenomena (New York*
Academic Press Inc., 195^)*
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general conclusions about- factors that influence solubilization
is given here and the reader is referred t o ’their book for
details*
McBain and Johnson

20

and others have found that solubilizing

power increases with increasing chain length.

little has been

done to study the effect of varying the position of the polar
head in the detergent.
An inverse relat i o n s h i p ^ between the amount of material
solubilized and molar volume of solubilizate has been found
for compounds of a homologous series.

However, the solubili

zation of compounds with equal molar volumes but different
structures may vary greatly.
Differences in solubilization by different ty^es of
detergents containing the same long-chain hydrocarbon are snali .
For a given chain length, the relative solubilizing powers
run in the order alkylanine >

alkyl sulfate > soaps.

The effect of added electrolyte on detergent solutions
has been investigated to a groat extent.

In most cases a

decrease in cQ and an increase in solubilizing power of the
22
detergent with added electrolyte is found.
Hobbs
deduced

^ J . W. McBain and K. E. Johnson, "Solubilization
and Colloidal Micelles in Soap Solution," J. Am. Cham. S o c .,
LXVI (1944)» 921R. S. Sterns, H. Oppenheimer, E. Simon and V. D.
Harkins, "Solubilization by Solutions of Long Chain Colloidal
Electrolytes," J. C h e m . P h y s ., XV (1947)» 496.
22M. E. Hobbs, "The Effect of Salts on the Critical
Concentration, Size and Stability of Soap Micelles,"
J.
Phys. and Colloid Chem., LV (1951), 675.
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& theoretical relationship between the cQ and the concentration
of the added electrolyte*

f og

He found that equation (15) fits

- o . S ' C ^ + c a) - <2 . 7 7

the data in the cases of potassium laurate and
hydrochloride* but less closely in the cases of

(15)
dodecylamlne
decyltri-

methylammonium bromide and sodium dodecyl sulfate*

While

decreasing c0 increases the amount of detergent in micellar
form* the increase is not large enough to account completely
for the increase in solubilization.

The only other possible

large-scale effect which the additon of electrolyte can have
is to change the size or charge of the micelle*
The Increase or decrease in the solubilizing power of
a detergent on the addition of a non-electrolyte is variable
from case to case* and no valid generalizations can be made*
T emperature changes may bring about changes in the
properties of the micelle as well as affect the solubility
of the solubilizate in the micelle*

Extensive data which

would allow these two effects to be disentangled are
not yet available.

However* data that have been accumulated

until now indicate that temperature has only a small effect on
the size of the micelle *2^ *2^

If this is the case* one may

proceed on the assumption that the principle effect of tempera
ture is to change the solubility.

If one treats the detergent

2^B. D. Flockhart and A. R* Ubbelohde, "Electrical
Conductance of Some Paraffin-Chain Salts,in Propanol-Water and
Propionic Acid Water Mixtures*" J. Colloid S c i .* VIII (1953)* 42S.
2 ^H. B. Elevens* "Effect of Temperature on Micelle
Formation as Determined by Refraction*" J* Colloid Sci.* II
(1947), 301.

20
solution as a psuedo-two phase system at equilibrium*
the following expression for A H of solution of the
25
solibilizate in the micelle can be derived**'
a

H

(16)

RT
It should be remembered when using the integrated form
of this equation*

that A H be reasonably constant over the

temperature range studied and that the solutions be ideal.
If this is not the case* the heats of solution should be
26
called apparent heats. Merrill*0 has applied the integrated
form of equation

(1 6 ) to a number of cases involving the

solubilization of dyes and obtained values of A H from -1.5
to -4*3 kcal/mole.
Solubilization also occurs in non-aqueous systems.
For non-aqueous solvents* the model of the normal micelle
is turned inside out with the polar groups and water in
the center and the hydrocarbon chains on the outside of the
m i c e l le.
A review of the experimental methods used to study
solubilization is given in the section on experimental
methods.

25 m . £• L. McBain and E. Hutchinson, op. clt»* pp.
26-23.
26 r . c . Merrill* Ph. D. Dissertation, Stanford
University, Stanford, Calif., 1942.
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B*

Light Scattering
When a beam of light falls upon a body, periodic

oscillations of the electrons in the material are induced by
the electric field associated with the light.

The material

then serves as a secondary source of light and radiates
light in the form of scattered light with a wave length the
same as that of the incident light except for the small part
constituting Raman scattering.

The intensity* state of

polarisation, and angular distribution are determined by the
size, shape, optical constants and interactions of t h e mole
cules in the scattering material.

Thus If the light scat

tering properties of a system are known, a more detailed
molecular picture of that system can be obtained.
Oster27 gives an equation derived by Rayleigh which
states mathematically a relationship between the scattered
portion of the incident light, its wave length, the particle
size, and the optical properties of the scattering medium
for small isotropic particles.

His equation involved con

sideration of the polarization of the particle due to its
exposure to the Incident light, and is given by:

c

I
where 1 is the intensity of scattered light per unit volume
of the scattering system, ^

is the number of scattering

~_
" —
*
to C h e m i s t r y u n e m . tcev., alijli

~

’
1 Its Application
jiy-05

particles per unit volume, I is the intensity of the incident
beam, r is the distance between the observer and scattering
system, 0 is the angle between the observer and the incident
beam, ^

is the wave length of the light falling on the particles

( A ' = ^ nQ , where ^

*s t*ie wave length of light in a vacuum

and n0 is the refractive index of the medium), while « c is
the polarizability or induced moment per-unit electrical field
strength of the small isotropic particles.

The cos 0 term

in the parentheses refers to the component of scattering
light having its electric vector lying the plane defined by
the incident and scattered beams, while the unity term refers
to the component of the scattered light having its electric
vector perpendicular to this plane.
In d ete rm ining molecular weights for systems of small
isotropic particles at high dilution it is more convenient
to work in terms of the attentuation of the incident beam by
the scattering solution.

The term "turbidity" has been given

to this extinction due to scattering and can be directly
evaluated from the intensity of scattered light so that the
need for consideration of r, as included in equation

(17),

is eliminated.
The phenomena of light with initial intensity Iq losing
intensity through scattering as it passes through a medium
can be represented by Lambert's law:

23
where x Is the distance traversed by the beam In the solution
Since the proportionality constant

J* depends on the number

and size of the scattering particles, it can be represented
on a basis similar to the Rayleigh concept.

D e b y e 28 fcas

shown on the basis of the theory of fluctuations that for
light scattered at 90 degrees to the Incident beam, the tur
bidity can be expressed by:

nr -

where

and

'
rr3

3

(19)

are respectively the indioea of refraction

of the solution and solvent, ^
light In a vacuum, and
cc.

^

r,

is the wave length of the

the number of solute particles per

Replacement of ri by Its equivalent, cN/M, Introduces

the molecular weight Into the expression, where £ Is the con
centration In grams of solute per cc., and N 1 b the Avogadro
number.

Equation (19) can be written In the form

= Hal

(20)

in which the proportionality constant H (cm%/£ ) Is found
from refraction measurements and defined by the relationship:

z/=
n

3z
3

rr3
N

O -A O
A *

(21)

c

Equation (20) holds only for Ideal solutions of small
isotropic particles where there Is no Interaction between the
2ft
P. Debye, "Light Scattering in Solutions," J.
Applied Physics, XV (1944), 341.
“
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solute and solvent.
solutions.

This Is generally not the case for real

Since turbidity can be closely Identified with

osmotic pressure (using Einstein's theory of fluctuations),
a term, derivable from the one which was used in extending
van't Hoff's osmotic pressure equation to higher concentra
tions, Is added to equation ( 20) to give

(22)
where B is a constant measuring particle Interaction.
Equation (22) was modified by Debye for detergent
solutions by substituting (c-cQ ) for £ since (c-c0 ) repre
sents the concentration of detergent in micellar form.
extrapolation is then made to (c-cQ ).

The

Since the turbidity due

to the detergent monomer is finite at cQ , the extrapolation
of Hc/zp' will approach zero if concentrations near c0 are
plotted.

In practice, extrapolations are made from higher

concentrations or the turbidities are corrected by subtracting
the turbidity at c0 , i.e.,

).

Equation (22) now

becomes
(23)
The various methods of extrapolation are discussed in detail
by Princen and Mysels.29

^ L . H* Princen and K. J. Mysela, Ninth Technical
Report, Project ONR-356-254, Office of Naval Research.
Corrections in: K. J. Mysels, J. Colloid Sci.. X (1955)t
507.
“
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When the particles in solution are greater in at least
one linear dimension than l/20th the wave length of the inci
dent light, the differences in phase between the scattering
of the dipoles in different parts of the particle become large
enough for destructive interference to occur.

This inter

ference differs in magnitude for different sizes and shapes
of molecules, but for all molecules with a dimension larger
than l/20th the wave length of light, there is an over-all
decrease in the intensity of the scattered light.

The scat

tering pattern is no longer symmetrical around 90 degrees
with the intensity being greater in the forward direction.
In practice, the dissymmetry or ratio of the intensity of the
light scattered in the forward direction to that scattered
backward is measured and correction to the turbidity made
from functions developed by Debye and others.30,31,32
dissymetry has been observed only in one c a s e ^

Since

of high

detergent and salt concentration, the reader is referred to
the article by Debye for further discussion of this phenomenon.
The effects of particle anisotropy on scattering intensities
of detergent solutions are generally small and are neglected.

^ P . Debye, "Molecular-Weight Determination by Light
Scattering,11 J. P h y s . and Colloid Chem., LI (1947), I k - 3 1 .
3 % . M. Cashin, "A Collection of Tables for Light
Scattering," Technical Report to the Office of Rubber Reserve
(Reconstruction Finance Corporation), September 12, 1950.
32
P. Debye and E. W. Anacker, "Micelle Shape from
Dissymmetry Measurements," J. Phys. and Colloid Chem., LV
(1951), 644-55“
33ibid
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The derivation of equation

(22) is based upon a non

electrolyte as a scattering particle.

However, with ionic

detergents, consideration must be given to the changes in
scattering intensities due to charges on the micelle and the
presence of an ionic monomer.
sented on this topic.

Several papers have been pre

Prins and Hermans34 and Princen and

Mysels 35 give similar treatments that were summarized and
by

A n a c k e r

36

used

in studying cetylpyridinium chloride solutions.

Assuming the solutions to be ideal and a constant
concentration of the monomer above the cQ , Prins and Hermans
developed the following expression from the general fluctua
tion theory of light scattering.
_

T

g r« . (c-c.)

“ a TA \ Lr

H, £> c^ and

***«.

-i

+ 6 ( C ’ C ’) + '

have their usual meanings.

terms are defined as follows:
on the micelle;

P+P-9 P

J

The other

jg is the number of charges

is the micellar weight and equals mM^ where

m is the number of monomers in the aggregate and M^ is the
formula weight of the detergent; n^ and n^ are, respectively,
the critical concentration and the concentration of extraneous
salt, both in terms of moles/ml.

The quantity

jj

is defined as

34w, Prins and J. J. Hermans, "Charge Effects in Light
Scattering by Colloidal Solutions," J. Phys. Chem., LIX (1955V.
---576.
“
^ P r i n c e n and Mysels, 0£. c i t >
J E. W. Anacker, "Light Scattering by Cetylpyridinium
Chloride Solutions," _J. P h y s . Chem., LXII (1956)» 41-45.
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g s

(7?t+-h*)

bplf +

(25)

fc>3 773

where

k=

7

'2 M '

(26)

and
.

_

b3 -

i-£f + i X +

-t

A*

JFa

(27)

^2 At

t

The term f is the ratio of the molar refractive index increment
of the added salt to that of the detergent.
Princen and Mysels derived the following expression.

MfC'Ct) _ 3 ["1 .£■-£» . P-rP- P3 ,

ffc

v: ^ 7 ~

,,.7

7,l+^

-I

(26)

whereTc^ in this equation is t h e turbidity of the solution
at the critical micelle concentration.

% is given by

.2

q _

Cl?, -+-77,)__________

~

n,x J l + 2 n , v 3<j2 + i ? * j 3

(29)

where
=

1

~

^

■h £ i

+

& ■

(30)
1

J.

J t

—

=

2

£- ~2tA

1

1 -

U

+ l £
*

*?+££?+££

7T

4A)*

4vil

4-Al*

(31)

(32 )

2d

Since in m o 3t cases
equations

(24) and

and

(V - "I%

) are nearly the same,

(2d) are essentially the same.

If £ and n are assumed to be constant, the plot of
H(c-c0 )/fT^lc^) vs

(c-c0 ) should give a straight line with the

intercept:

A

=

(33)

and slope

B=
Solving

A

(

(33) and

P

,34,

i- P - A » S ' U P >

(34) for £, we obtain
-i‘4

P =1
1

Bf*l\(7?, -h f7?3) +[28(7?,+ 7
A t . i -

where E a

?

3

(35)

A/£ * E )

2l£)

^ 36)

(71,+ n 3)
Then m is computed from the following expression

777

*

z (F£: * A n

)

+

(37)

By using these equations instead of Debye's theory for
non-electrolytes, micellar weights up to 20# higher are obtained.
Also an approximate value of the micellar charge may be
obtained.
Hutchinson^? on the other hand argues that the apparent
change in micelle size in dilute salt solutions is not real

3?E. Hutchinson, "The Properties of Detergent Solutions",
J. Colloid Sci., IX (1954), 191-96.
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but is actually a changing of the charge in the micelle which
alters the scattering properties.

In this case a large excess

of neutral salt must be added and the extrapolation made to
zero concentration rather than the cQ .

However, the change

in micellar weight is supported by more experimental data and
Hutchinson*s theory is disregarded in this dissertation.
The previous discussions assume that the solutions have
no color other than that due to scattering.
corrections must be made.

If there is color

Correction factors for the deter

mination of turbidities of colored solutions have been reported
by Putzeys and D o r y ^

and Brice, Nutting and

H a l w e r

.^9

Brice

et all working with the same type of light scattering photo
meter that was used in this study, give the correction factor
as the product of three terms.

ICorr_-

/

'obs f

(38)

where
r

f, =

—

° C

D

e

£ r = i +

__

*2

1

(39)
a *

+
1

00

+ [ 5 -7 ^

_ 3 oC L
o . o + z e
_
.0 4 - 3

*

(40)

1

-1- 0 .0 4 3 % \

(41)

1.04-3

^ P. Putzey and E. Dory, "Calculation of the Absorption
Correction in the Measurement of Molecular Diffusion Light,"
A n n . S o c . sci . B r u x ., Ser. I, LX (1940), 37.
■^B. A. Brice, G. C. Nutting and M. Halwer, "Correction
for Absorption and Fluorescence in the Determination of Mo lec 
u l a r heights by Light Scattering," J. Am. Chem. Soc., LXXV
(.19io), 324.
“
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Other terms are:

the absorption coefficient of the solution;

b, the distance from the cell wall to the center of the cell;
and w and h» the width and height of the incident beam.

Only

in two cases in this work was it necessary for color correc
tions to be considered.
This review has covered the principle theoretical and
experimental literature on detergents and light scattering.
The reader is referred to books and reviews in the selected
bibliography for other references.

MATERIALS AND EXPERIMENTAL METHODS
A.

Synthesis of Detergents
In discussing the synthesis of the various detergents,

only a general outline is given.
were of a classic nature.

Most of the reactions used

Friedel-Craft reactions employed

AlCl^ as a catalyst and benzene as a solvent.

Grignard

reactions used Mg turnings and diethyl ether as the solvent.
Intermediate products which were liquids were distilled
under reduced pressure.

Detailed procedures for the reactions

may be found in most organic laboratory books.

Other re

actions of a less known type are given in detail or a
reference to the literature is made.

The preparation of

the PhC^, PhC^, PhC^ and CHCHC2 compounds are given for
reference although little or no data was obtained on them.
The general approach to the syntheses of the detergents
was to obtain the alkyl bromides and convert them to the
quaternary salts with trimethylamine*
n-Tetradecyltrimethylammonium bromide

(n-C^^) was

prepared by refiuxing n-tetradecyl bromide with an excess
(15-30#) of trimethylamine in methyl alcohol.^-

After

^A. B. Scott and H. V. Tartar, "Electrolytic
Properties of Solutions of Paraffin-chain Quaternary Ammonium
Salts," J. Am. Chem. Soc., LXV (1943), 692-701.
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refluxing for three hours, the excess trimethylamine and
methyl alcohol were distilled off on a steam bath.

The

n-C^^ compound was then recrystallized several times from
methyl alcohol-other.
V - (Phenyl)-propyltrimethylammonium bromide

(PhC^)

was prepared in a similar manner by refluxing V*-phenylpropyl
bromide with alcoholic trimethylamine.

The alcohol was

distilled off and unreacted bromide removed by dissolving
crude detergent in watar and extracting several times with
ether.

The water was evanorated on a steam bath and the

detergent recrystallized from a methyl alcohol-ether mix
ture •
w - (Phenyl)-butyltrimethylammonium bromide

(PhC^) was

prepared according to the following series of reactions.
£-phenylethyl alcohol was converted to ^-phenylethyl bromide
by refluxing the alcohol with

HBr and

A Grig-

nard reaction was carried out and ethylene oxide added to
the Grignard intermediate to form u^-phenylbutyl alcohol.

This

intermediate was also obtained from the reduction of ^-benzoyl
propionic acid fir3t with Zn-HCl,^ then LiAlH^.^

The

fc0 . Kamm and C. S. Marvel, "Organic Chemical Reagents.
V.
The Preparation bf Alkyl and Alkylene Bromides," J. Am.
C h e m . Soc., XLII (1920), 309*
^E. L. Martin, "The Clemraensen Reduction," in Organic
Reactions (New York:
John Wiley and Sons, 1947), I, p . 1 ^ •
W . Migrdichian, Organic Syntheses.
Reinhold Publishing Co.,
x, p. ±1.

(New York:
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UJ-phenylbutyl alcohol was converted to the bromide with PBr^
and the bromide was refluxed with alcoholic trimethylamine*
The crude detergent was obtained as in the case of the PhC^
c ompound.
C M -

(Phenyl)-amyltrimethylammonium bromide

(PhC^) was

obtained by refluxing u>-phenylamyl alcohol with PBr^ to con
vert it to the bromide and then converting the bromide to
the quaternary salt with alcoholic trimethylamine.

Initial

purification of the detergent was made in a manner similar
to the PhC^ compound.
tx/— (P—Naphthyl)—butyItrimethylammoniurn bromide

(NaphtC^)

was prepared according to the following series of reactions.
A Friedel-Craft reaction was run using tetralin and suc
cinic anhydride as reactants.

This yielded a tetralin

derivative substituted exclusively in the beta position.
The Y(p-tetralyl)-propionic acid was dehydrogenated and the
keto group reduced simultaneously with the aid of a Pdcharcoal catalyst.^

The

(P-naphthyl)-butyl alcohol was

then converted to the bromide with H B r - ^ S O ^ and the quater
nary salt formed by refluxing with alcoholic trimethylamine.
The detergent was then recrystallized from a methyl alcohol
ether mixture.
5

D. A. Shirley, Preparation of Organic Intermediates
(New York:
John Wiley and Son s $ T 9 5 T 7 , p . 94.
^M. S. Newman and H. V. Zahn, "The Catalytic Dehy
drogenation of 2-Substituted Tetralin Derivatives,Tf J. Am.
C h e m * S o c L X V (1943), 1097*
~ ~~
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U > - ( ^ - T e t r y D - b u t y l t r i m e t h y l a m m o n i u m bromide

(TetraC^)

was prepared in the same m a n n e r as NaphtC^ except for the
Pd-cha r coal reduction step.

A Friedel-Craft reaction was

ca rried out as before w i t h tetralin and succinic anhydride
an d the resulting keto acid was converted to /- (£-tetryl)7
butyric acid by a Wolf - K i s h n e r reduction.
This acid was
reduced with LiAlH^ and the resulting alcohol was converted
to the bromide w i t h HBr-I^SO^.

Trimethylamine was t h e n

ad d e d to the bromide to give the quaternary salt.

Recrys

t a llization of this detergent was carried out in a dry box
because of the unusual hygroscopic nature of the compound.
/B- ^»-Phenylphenyl)-ethyltrimethylaramonium bromide
(BiPhCg) was prepared from 4-bromobiphenyl by making the
Grignard reagent and then adding ethylene oxide to give
/3(p-phenylphenyl) ethanol.

This alcohol was recrystallized

from hot water and then converted to the bromide and s u b 
sequently to the quaternary salt with trimethylamine.
p - (p-Cyclohexylphenyl)-ethyltrimethylammonium bromide
(CHPhCg) was synthesized in the following manner.

Cyclo-

hexyl benzene was prepared by a Friedel-Craft reaction^
b e tween cyclohexyl bromide and benzene.
phenyl

Next,

c y c l oh e x y l -

bromide was obtained by brominating cyclohexyl

7

Huang-Minlan, "A Simple Modification of the WolffKi shner Reduction," J. Am. Chem. Soc., LXVIII (1946), 46S.
a
Shirley, 0£. c i t ., p. 253*

35
benzene*

g

A Grignard reagent was made from the bromide and then

ethylene oxide was added to give t - (f-cyclohexylpheriyl)-ethyl
alcohol*

The alcohol was converted to the bromide with PBr^ and

then to the trimethyl alkyl quaternary salt with trimethylamine.
(p-Cyclohexylcyclohexyl)-ethyltrimethylammonium bromide
{CHCHC2 ) was prepared according to the following reactions.
P-Cyclohexyl cyclohexanol was converted to the bromide with
PBr^*

Ethylene oxide was added to the Grignard reagent p r e 

p a r e d from the bromide,
ethyl alcohol.

yielding

(f-cyclohexylcyclohexyl)-

Again the alcohol group was converted to the

bromide and trimethylamine added to give C H C H C ^ •
An attempt was also made to synthesize w-(phenyl)-hexyl(PhC^) and u/- (phenylJ-octyltrimethylammonium bromide

(PhCg).

Several intermediates were prepared but due to poor yields
the final products were not reached.

The synthesis of PhCg

was attempted in the following manner.

A Grignard reagent was

p r e p a r e d from cromobenzene after which cyclohexanone was added
to give oC-phenylcyclohexyl alcohol.

An attempt to selectively

oxidize the tertiary alcohol with CrO-j-HOAc to *u-benzoyl valeric
a c i d failed because of the temperature rising too high.

To

prepare PhCg a series of similar reactions starting with
P-phenylethyl bromide instead of bromobenzene was attempted.
Again the cause of failure was the same as before.
obtaining the keto acids,

After

it had been planned to obtain

PhC^ a n d PhCg by following the same series of reactions as
was used for converting ^ - b e n z o y l propionic acid to PhC^.

9 Ibid
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B.

Light Scattering
When investigating detergent solutions by light scattering,

one must have not only a pure detergent but also a pure, dustfree solvent since impurities generally are solubilized by
the detergent micelle.

This may give rise to a change in the

micelle size and shape.
The problem of obtaining a pure detergent is usually
solved by repeated recrystallization until there is no change
in micelle characteristics on two successive crystallizations.
The detergents in this investigation were recrystallized
several times from methanol-ether and chloroform-ether solu
tions.

With the compounds that were hygroscopic,

the recrys

tallization was carried out in a nitrogen dry box.
Because of the lack of a large quantity of the detergents,
it was necessary to recover them from used solutions.

In

the case of solutions which had added salt, it was found
that methanol would dissolve both the detergent and the NaBr.
After trying several solvents, chloroform was found to dis
solve the detergents and not the salt.

The detergents were

then precipitated by adding ether.
The light scattering cells were cleaned by washing with
a mild detergent

(Dreft) and rinsing with filtered water.

The solvent used in the light scattering measurements
was twice distilled water.

Dust was removed by filtration

of the water through a fine fritted filter.

Stock solutions

of the detergents were prepared from the filtered water.

Fur

ther purification of the solutions was obtained by filtering
again through a fine fritted filter.
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The concentrations of the detergent solutions were
obtained with the differential refractometer.

A standard

curve was made from solutions prepared by weighing a sample
of pure detergent and diluting to a known volume.

These

solutions were not filtered.
Solutions for determining the molecular weight of detergent
micelles in the presence of benzene were prepared by the
following procedure.

For each point, a detergent solution

was placed in a 60 milliliter separatory funnel and benzene
added until two layers were formed.

The funnel was then

shaken and allowed to stand over night.

The next day after

filtration of the aqueous phase the turbidity of the solu
tion was determined.

Loss of benzene from the solution

was reduced by placing benzene in a trap between the filter
and the aspirator.
In equation

(15) the expression relating the molecular

weight of colloidal particles to certain measured light
scattering characteristics, H is a constant for the given
system.

rr

H is g i v e n by equation:
_____

JJ-

3 2.IT* ~*7o
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where nQ is the index of refraction of the solvent, n is the
index of refraction of the solution and ^

is the wave length

of the light used.
In the expression the experimental terms to be determined
are
tometer.

c-r

and nQ .
To determine

nQ was determined on an Abbe refrac-

iln/c, a differential

refractometer

3fi

described by Brice and Speiser^® manufactured by the Phoenix
Precision Instrument Company, was employed.
consists of a mercury ]amp and filters

The instrument

(identical with those

for the light scattering photometer); a semi-transparent
mirror for utilizing other light sources not supplied; a
bilateral spectrometer slit; a jacketed housing containing
an optical glass differential cell; a projection lens; and
a Filar micrometer eye-piece.

The cell mounting is capable

of rotation of lfSO° about a vertical axis.

This rotation

doubles the deviation and makes unnecessary a frequent check
ing of the zero position.

One milliliter of solution and one

milliliter of solvent are required for measurements.

The

limiting sensitivity is about 3 in the 6 th decimal place, and
differences in refractive index up to about 0.01 can be
measured.
To obtain the refractive

index difference between solvent

and solution the displacement of the slit image is measured
on the micrometer scale when the cell is rotated 1#0°, first,
with solvent in both compartments of the cell and then with
solution in one of the compartments.

The solution displace

ment is then corrected by subtracting the solvent displacement
and substituting in the following equation:

d is the corrected displacement value and K is an instrument

l0 A. B. Brice and R. Speiser, T,A Differential
Refractometer," J. O p t . Soc. A m . , XXXVI (1946), 363-64*
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constant*

K is determined by calibrating the instrument with

sucrose solutions of known indices of refraction,
The turbidities of the detergent solutions were determined
by use of a light scattering photometer designed by B. A.
Brice and R. S p e i s e r U and manufactured by the Phoenix Preci
sion Instrument Company.

The instrument consisted of a

General Type AH3 mercury lamp, a filter to isolate the 4 3 6 * ^
and 546'm/i lines

(the same source and filter as on the dif

ferential refractometer), a shutter, a set of neutral filters,
a collimator, a fixed cell holder, and a Type 1P21 Photo
multiplier tube mounted on a movable disk which was calibrated
in degrees.

The power source was the stabilized voltage

output of a Sorenson Model 250 electronic voltage regulator.
The output current of the photomultiplier was fed to a
galvanometer of approximately 0.0014 micro-ampere per milli
meter of scale deflection.

A mechanical adjustment was used

to zero the galvanometer for dark currents.

The output

current was regulated so as to give a nearly full scale
reading by decreasing the intensity of the light beam with
a selective choice of the neutral filters of known transmittances.
A small square cell holding approximately 30 cc. of
solution was used for the scattering measurements.

The cell

**B. A. Brice, M. Halwer, and R. Speiser, "Photoelectric Light Scattering Photometer for Determining High
Molecular Weights," J. O p t . S o c . A m . , XL (1950),76B-7&.
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was constructed from optical glass.

Since the phototube was

normal to the surface of emergence of the scattered beam, no
correction for angular refraction was applied to the measured
intensities.
The absolute turbidities were calculated from the
expression:

<44>
where I^q /I q is the average observed ratio of deflections for
the scattering solution at 90° to that for the working standard
(plus neutral filters) at 0°; *9q/Fq is the ratio of the recip
rocal transraittances of the filters used in determining the
ratio I^q/Iq; a is a constant relating the working standard
to the opal glass reference standard; D is a diffusor cor
rection factor; T is the transmittance of the opal glass
reference standard; h is the width of the diaphragm on the
edge of the table

(depth of scattering solution viewed); n is

the refractive index of the solvent; the factor 1.045 is a
correction for reflection of the primary beam at the emergent
face of the cell; and Ryr/Rc is an experimentally determined
correction for incomplete compensation of refraction effects.
The instrument was calibrated at the factory and 3ome
of the values of the constants were supplied.

For light of

436w^w, T * 0.263, D - 0.340, h = for wide slit-1.2, for
narrow slit-0 . 4 3 «

Rw/Rc was determined from a plot of n

vs. Rw/^c £°r other solvents.

Its value is 1.023.

stant, a, was determined by taking the ratio of the

The con
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galvanometer deflection at 0° for the working standard to
that of the reference standard placed in the center of the
cell holder*

The refractive index of the solvent was taken

from a handbook*
While determining

the neutral filter factors, it was

found that the value of the transmittance of a filter may
depend upon the combination of other filters used with it*
Typical transmission curves for the monochromatic and neutral
12
filters
are shown in Figure 3* It is seen that the neutral
filters are not exactly neutral and the light source is not
monochromatic*

Figure 4 is a plot of the transmittance of

filter 1 as a function of the transmittance of the filters
used in combination with it.

The data indicate

that the

filter is neutral to the green light while it is not in the
case of the blue light*
To obtain a correct set of transmittance factors the
following procedure was used*

With the phototube set at

sero degrees and no filters in the beam, the galvanometer
was adjusted to read 100 divisions*
inserted

Then filter 1 was

and the galvanometer deflection read*

was removed and filter 2 inserted.
repeated for filters 3 and 4*

Filter 1

This procedure was

Next, filter 2 was placed

in the beam and the galvanometer reset to read 100 divisions*
Then filter 1 was inserted to give its transmittance when
being used in combination with filter 2.

This procedure was

^ B u l l e t i n BP-1000-B, p. 9» Phoenix Precision
Instrument Company* Philadelphia, Pennsylvania*

Transmittance Curves of Neutral and Monochromatic Filters
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repeated until the transmittance of each filter was determined
with all combinations of the other filters that may be
between it and the light source.

Typical sets of data are

given in Table I for the blue and green lights.

The following

example is given to show the procedure used t-o calculate the
transmittance of a combination of filters.

For the combina

tion of filters 1 , 2 , and 4 , the transmittance of filter 4 la
multiplied by the transmittance of filter 2 as determined
with filter 4 in the beam.

This number is then multiplied

by the transmittance of filter 1 as determined with filters 2
and 4 in the beam.
A second set of transmittance factors was determined for
the blue light scattered at 90 degrees.

A detergent solution

was placed in a small square cell in the light scattering
photometer and the phototube set at 90 degrees.

The pro

cedure for determining filter factors described in the pre
ceding section for zero degrees was then followed.

The

transmittances are slightly lower than those determined at
zero degrees because of two factors.

These are the dependence

of the transmittance of the neutral filter upon the polari
zation of the light and the relationship between the intensity
of scattered light to the wave length of the incident beam.
If the scattering particle is isotropic, equation

(17) shows

that the scattered light at 90 degrees is dependent upon the
component of light which is vertically polarized and not upon
that which is horizontally polarized.

The horizontal plane

is the plane defined by the incident and scattered beam.

Thus

Table I
Transmittance Data for Various Filter Combinations
Blue
(4^6 mp)
Filter
1
2

0
0.412
0.199

3

0.127

4

0.0585

2

3

4

0.419

0.422

0.430

--

0.209

0.219

—

0.141

--

23
0.436

24
0.443

—

—

4

23

24

0.490

0.485

0.485

0.261

O .258

—

0.155

34
0.452

234
0.475

0.236

Green
(5^6 my)
Filter

0

1

0.488

2

0.260

3

0.152

4

0.077

2
0.493
—
—

3

—

0.485
—

34

234

0.491

0.486

0.257

*\jt
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if the transmittances of the neutral filters are dependent
on the polarization of the light passing through them, dif
ferences would be expected when determining transmittance
factors for polarized
(incident beam) light.

(90 degree scattering) and depolarized
The intensity of the scattered light

is also dependent on the inverse fourth power of the wave
length of the Incident beam as shown by equation
the filters are not neutral,

(17) •

Since

the spectral distribution of

the Incident beam will vary and the intensity of the scattered
beam affected more than that of the incident beam.

The

preceding observations could also be explained on the
basis of a non-linear response by the photomultinlier tube
to the blue light.

However,

in either case, the method used

to calculate the filter factors is still correct.

The cor

responding set of transmittance factors shown in Table II
was used in calculating the intensities of the incident and
scattered beams.
A discrepancy was found when calibrating the light
scattering photometer according to the m a n u f a c t u r e r s instruci

tions.

When the working constant a was determined with the

wide slits,
obtained.

the same value as previously r e p o r t e d ^ was
When using the narrow slits,

the constant should

be increased by t h e ratio of the wide to the narrow s^its.
However,

in determining the turbidity of a solution with both

the narrow and wide slits, it was found that the value for

*^E. E. Drott, M. S. Thesis, Louisiana State Univer
sity, Baton Rouge, Louisiana, 1955*
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Table II
Transmittance Factors for Filter Combinations
Filter Combination

Transmittance Factor
10
(Blue-436 mp)

190

10

(Blue-436 n^i) (Green-5^6 n^j)

1

0.412

0.377

0.488

2

0.199

0.197

0.259

3

0.127

0.123

0.153

4

0.0585

0.055

0.077

12

0.0834

0.0767

0.126

13

0.0544

0.0482

0.0747

14

0.0252

0.0230

0.0376

23

0.0265

0.0250

0.0396

24

0.0128

0.0131

0.0200

34

0.00825

0.00815

0.0118

123

0.0116

—

0.0193

124

0.00567

—

0.00973

134

0.00373

0.00529

234

0.00195

0.00305

1234

0.000926

—

0.00149
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both sots of slits was the same*

This is due to the fact

that the narrow slit in the nose piece removes approximately
one-third of I_.
o
The instrument was also calibrated with Styron according
to Debye's p r o c e d u r e T h e value for the constant with the
narrow slits and small square cell is approximately 25#
higher than the value a determined by the first method.
It has been shown that the different types of cells give
a different constant when calibrated with Styron.

This is

due to differences in volumes, shapes and reflection pat
terns*

Slnoe the Styron method corrects for these factors,

it was used to obtain the constant relating

bo tur

bidity*
Beoause the Maxwell relation)

H s))1
n

, does not hold

in the neighborhood of a wave length where the radiation is
absorbed) turbidity data determined with light whose wave
length iq near that of an absorption peak may not be valid*
The transmittance curve for one of the yellow NapthC^ solu
tions that is shown in Figure 5 was obtained on the Beckman
D.^-l spectrophotometer.

The curve shows Increasing con

tinuous absorption toward shorter wave lengths.

However)

the 436 m/4 line is sufficiently rembved from any peak to
cause a significant error in the scattering pattern.
A plot of In I vs concentration of colored NaphtC^
solutions is shov^i in Figure 6*

I la the intensity of the

^ R * h. Venable * M. 3. Thesis, Louisiana State
University) Baton Rouge, Louisiana, 1954, p. 30.
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c
o

Absorption Spectrum for

•H
a Yellow NaphtC^ Solution
& 80
o
n
X*
<

c
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546

436
Wave Length
Figure 5

Incident beam after passing through the scattering cell.
Because the data obeys the Beer-Lambert equation above and
below c0 , It was concluded that the colored Impurities have
the same absorption coefficient whether they may be present
In a micelle or not.
Equations

(40) and

the transmittance
of these data*

(41) were evaluated as a function of

(oc) of the solutions.

Figure 7 is a plot

Also given Is a plot of the product of fg an(*

fj since this term Is used in correcting the turbidity.

It

is seen that the correction factor (f2 fj) is not very large
up to a value of 1.2 f o r 0 0

The maximum value o f o C f o r the

solutions in this study was approximately 0*3*

Since the

correction would be in the order of a few per cent, it was
neglected.

In I vs Concentration for
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Methods for determining the quantity of material
solubilized by a detergent solution fall into two general
classifications.

Those which involve detection of the solu

bility limit when known amounts of solubilizate are added and
those which use analytical methods to determine the amount of
material solubilized by a saturated solution.

An example

of a method in the first class Involves the detection of the
turbidity* either visually or instrumentally, due to the phase
separation that occurs when the quantity of the solubilizate
15
added to the solution exceeds the solubility limit.
Another
m e t h o d ^ uses the break in the An/c curve to determine when
saturation is reached.

The use of absorption spectra to

determine the amount of solute solubilized is an example
from the second group of methods.
Methods of the first type generally require a considerable
amount of time and a number of solutions.

Since the quanti

ties of detergents available for this study were limited*
those methods were not considered.

Determining the amount of

material solubilized spectrophotometrlcally is not applicable
if interferences occur between the detergent solution and the
material solubilized.

Since there is an overlap between the

benzene spectra and those of the detergents used In this study*
the method was modified according to the following procedure*

15j. w. McBain and P. H. Richards,
"Solubilization
of Insoluble Organic liquids by Detergents*" Ind. Eng . Chem.
XXXVIII (1946), 642.
16J. Sardisco* M. S. Thesis* Louisiana State University*
Baton Rouge, Louisiana, (1953).
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A series of solutions for each detergent was prepared
and sufficient benzene was added to give an excess layer on
top of the detergent solution*

The solutions were allowed

to stand with frequent shaking for a minimum of 48 hours In
a constant temperature bath.

Then a sample of the detergent

layer was removed and filtered through a micro-Buchner funnel*
The filtration step was used to break the benzene emulsions
which sometimes formed.

A measured volume of the filtered

detergent solution was extracted with a known volume of
benzene determined with a Cary U. V. Spectrophotometer
ing Model No* 11)*

(Record

A calibration curve was prepared from stan

dard solutions of benzene in cyclohexane*

The difference

between the peak height and vally was used for the calibration
and determinations*
Figure 8 Indicates that benzene was quantitatively
extracted with one extraction.

Another experiment showed that

none of the detergent was extracted*

The filtration step was

checked by determining the amount of benzene before and after
filtration*

The absorption curves were almost identical,

indicating the loss of benzene by evaporation and adsorption
on the filter paper was small*
Conductivities of the detergent solutions were measured
with a Leeds and Northrup conductivity bridge.
water was used to prepare tl^e solutions*

Twice-distilled

The apparatus was

calibrated with a 0.01 n KC1 solution and the measurements
were made at 26°C.

Conductivities of the detergent solutions

were corrected by subtracting the conductivities of the water*
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Absorbance

Absorbance Plots for Benzene Extracted
from Detergent Solutions

1st Ext

2nd Ext.
Wavelength
Figure 8

Base

EXPERIMENTAL RESULTS AND DISCUSSION
A*

Refractive Index Increments
The value of A n / c is used in evaluating _H as given

by equation (42)*
determine A n / c .

A differential refractometer was used to
Data from which the values An/c for the

detergents were obtained are given in the Appendix and are
shown plotted in Figures 9 through 15•

Figure 16 is a plot

of A n vs c for NaBr, the slope of which is used in calculat
ing the charge on the micelle.

Table III gives a summary of

the values of an/c.
The value o f A n / c for salt solutions is generally the
same as that when water is the solvent*

This assumption was

checked with NaphtC^ and found to be true.

Since the value

of the index of refraction does not change much, H was taken
to be constant for the salt solutions in this study.
8.

Critical Micelle Concentration
Critical micelle concentrations were determined from

turbidity curves and by conductivity measurements.

The value

of cQ for n-C-j^ was determined by extrapolating to the con
centration axis that part of the turbidity curve above the
inflection point.

Values of cQ for IfaphtC^, TetraC^ and

CHPhCg were taken as the concentration of the peak in the
turbidity curves caused b^ the impurities in the detergents.
The c^ of CHPhC- in salt solutions was determined by dilution
0

2
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A n vs Concentration for n - C ^
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Table III
Summary of Refractive Index Increment Data
Compound

Solvent

An/c (gm/ml)
Blue (*06 mp)

n-Ciij

H 2O

0.155

PhC^

H 2O

0.160

PhCit

h 2o

0.160

PhC5

h 2o

0.160

NaphtC^

h 2o

^

NaphtCi|

0.025 M NaBrJ ► 0.224

NaphtCi|

0.050 M NaBrJ

TetraCij

h

2o

0.170

CHPhC2

h

2o

0.175

BiPhC2

H2O

0.238
An/c

NaBr

H20

Qreen (5^6 ny)

0.01^5

0.225

(mole/ml)
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of a detergent solution until a visual turbidity was
detected and then the concentration was determined with the
differential refractometer.
value for cG #

This procedure gives a minimum

Because the BiPhC^ compound had limited

solubilityi the concentration of a saturated solution was
taken as cQ .

It was assumed that the decrease in c0 with

increasing salt concentration was due to the micelle growing
and precipitating rather than to insolubility of the monomer.
Conductivity data are plotted in Figures 17 through 20.
The n-Cj^ curve is typical of detergent solutions with the
inflection point occurring at cQ .

Due to impurities in the

detergents* preliminary light scattering measurements indi
cated that cQ for the other detergents were lower than the
c0 for n - C ^ .

Since slight breaks in the conductivity curves

occurred at concentrations indicated by light scattering*
higher concentrations were not used.

However, much larger

values of c0 were found in later turbidity experiments at
higher concentrations.

The slight breaks at low concentra

tions are probably due to the impurities in the system.
Figure 21 is a plot of In

(c0 * eA ) vs In cQ * where cA

is the concentration of the added salt.

Data taken from Trap

and Hermans^ are represented by triangles and that taken from

^H. L. J. Trap and J. J. Hermans, "Light Scattering
b y Solutions of Cationic Soaps," Proc. Kon. N e d . A c a d .
Vfetenech.
Series B. LVIII, No. 2 T T
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D e b y e , r e p r e s e n t e d by squares.
indicated by small circles.

Data by the author is

The theoretical treatment by

Hobbs** states that such a plot is linear.

The data presented

in this figure agrees with thi3.
It is seen that for the normal alkyl compounds there is
a regular Increase in cQ and a decrease in slope.

The critical

concentrations for the cyclic compounds investigated all fell
between the cQ for the n-C^g and n - C ^ detergents.

The values

of cQ for NaphtC^ and TetraC^ were identical both in water and
salt solutions, while values for BiPhC2 and' CHPhC2 were
almost the same in water only.
Debye*5 related V" to In c^ as shown in equation (d)

X

**" °-o -

C-

^ ^

This equation was derived from equations
(N0 - l ) ~ N 0 .

(5) and (6) assuming

Since Debye*s theory has been shown to be

incorrect in parts, an attempt was made to obtain the same
correlation using the more generally accepted theory that the
principle driving force for aggregation is the interfacial

2

P. Debye and E. W. Anacker, "Micelle Size and Chain
Length," Technical Report to the Office of Rubber Reserve
(Reconstruction Finance Corporation.)
3
P. Debye and R. M. Hagen, Technical Report to the
Office of Rubber Reserve (Polymer Research Branch) (Reconstruc
tion Finance Corporation.)
**M. E. Hobbs, "The Effect of Salts on the Critical
Concentration, Size and Stability of Soap Micelles," J.
P h v s . and Colloid Chem., LV (1951), 675*
”
^Debye and Hagen, 0£. clt.
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tension between the hydrocarbon chain and the surrounding
water molecules.

If one accepts the latter theory, then cQ

is some function of the interfacial area between the hydrocarbon
chain of the monomer and the surrounding water.
log cQ vs

(A-S) for normal alkyl

A plot of

trimethylaimnonium bromides

and the detergents used in this study are shown in Figure 22.
The term

(A-S) is the total interfacial area (A) between

detergent monomer and water and the area (S) of the hydro
philic group, i.e., the interfacial area of the hydrophobic
group.

Relative values of (A-S) were determined from Fischer-

Hirschfelder atomic models of the detergents.

The models were

coiled in a spherical shape, the assumed configuration of
the monomer in water, and the total area, A, calculated from
an average diameter.

Calculation of the area of the polar

group is given in a later section

(p. 104)'.

Because of their

structure the cyclic compounds could not be coiled into a sphere
and a semi-quantitative estimation of (A-S) had to be made.
Although the estimations oi area were rough, the correla
tion that is shown in Figure 22 was obtained between log cQ
and the relative areas of the hydrophobic part of the detergent
which is consistent with the presently accepted theory for
micellar energies.

Since V

is a linear

of (A-S) for

the n-alkyl detergents, a plot of lug cQ vs V" world also be
linear and in agreement with equation (7).

2.0
Log e0 and V

vs A-S for Alkyl Trimethylanmonluir. Bromides

Log

NaphtCi4 & TetraCij

1.0

0.5

300

400
A-S
Figure 22
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C.

Turbidities and Molecular Weights
Turbidities and molecular weights of the various

detergents were determined by ]ight scattering-

Light scat

tering data for n-C-^ are summarized in Figures 23 and 24
and Tables TV and XVIII.

For the most part, good agreement
6 7
was obtained with data reported in the literature. *
Micellar weights determined were 27,000, 46,000 and 59,000 res
pectively in water, 0.025 M NaBr and 0-050 M NaBr-

Differences

with literature data occur in values of the charge, £, that
were calculated for the micelle in salt solutions-

It was

found that the charge increased with increased salt concen
tration from 6 in water to 16 in 0.050 M NaBrAccording to
o
theory,
the charge should decrease with increased salt
concentration.

Prins and Hermans,9 using data from Trap

and Hermans, found that the cha~ge went from 15 in water to
0 in 0.050 M NaBr.

Using data taken from Debye’s paper for

n“^14* the author calculated a charge of 3 in water and 9 in
0.013 M NaBr.

Anacker,^-® on the other hand, reports an

increasing charge with added electrolyte for cetylpyridinium

6 Ibid.
^Trap and Hermans, o£. £it*
. Prins and J. J. Hermans, "Charge Effects in Light
Scattering by Colloidal Solutions," J- Phys. Chenu, LIX (1955),
576.
~
i
9Ibid.
,knacker, "Light Scattering by Cetv1p 't i ainlum
Chloride Solutions," J - Phys - Chem , IXII ('1958), 43°

Turbidity «r« Concentration for n-C

x 10

20

Turbidity

O - Water
O - 0.025 M NaBr
□ - 0.050 M NaBr
10

100

200
c x 10^ (gm/ml)
Figure 23

300

H (e-O

^

vs. Concentration for n - C ^

O - Water
° - 0.025 M NaBr
O - 0.050 M NaBr

100

200
c x 10^ (gn/ml)
Figure 24

300

400
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Table IV
Summary of Results for n-Tetradecyltrimethylammonlum Bromide
Water

0.025* M NaBr

0.050 M NaBr

A

3.7 x 10"5

2.2 x 10-5

1.7 x 10”5

B

6.9 x 10-5

1.2 x 10"5

0.7 x 10'5

Mi

336

336

336

nl

3.13 x 10"6

1.64 x 10“6

1.19 x 10”6

n3

0

2.5 x 10-5

5.0 x 10"5

P

0

0.282

0.282

E

1

0.284

0.282

P

6

12

16

m

87

149

190

mMi

29,000

50,000

64,000

1/A

27,000

46,000

59,000

Solvent

7*
chloride micelles*

In a later a r t i c l e ^ he reports that

adsorption of detergent on glass frits occurs during filtration
of detergent solutions, with the adsorption more pronounced
from salt solutions.

Apparently charge calculations are

sensitive to turbidity data near cQ -

Deviation from the true

turbidity curve near cQ may be due to dust or impurities in
the system or to the adsorption of detergent on the frit
during filtration of the solution, thus lowering the concentra
tion of detergent.

In order to obtain a true value of £, one

should consider these effects and also obtain a number of data
points near c0 so that a statistical treatment can be applied
to the data.
The turbidity curves for NaphtC^, TetraC^ and CHPhC^
exhibited sharp peaks below their critical concentrations.
12
This phenomena has been reported before,
but no direct
experimental evidence for the cause of the peak was given.
Turbidity curves of n - C ^ to which a small amount of myristyl
bromide was added did not show any indication of a peak.
ever, when a small amount

How

( 0.1$) of myristyl alcohol was

added, a peak appeared on the turbidity curve just below the
critical concentration as shown in Figure 25.

It is therefore

concluded that the peaks are due to some polar impurity in the
detergents.

^ E . W. Anacker and A. E. Westwell, "Adsorption of
Cetylpyridinium Chloride on Glass," J. Phys. Chem., LXIII
(1959), 1022.
”
12W . Prins, "Studies on Some Long-Chain Sodium Alkyl-j
Sulfates," Ph. D. Dissertation, University of Leiden, Leiden,
Holland, 1955.

Turbidity vs Concentration for n-Ci
with n-C.,OH Added

50
: x 30^ (gn/ml)

75

50

Above the critical concentration, the curve is essentially
that of the pure n - C ^ .

A molecular weight calculated by sub

tracting ^”Co fkxsnX gave a value of 33»000 A 5000.

This is

slightly larger than the molecular weight determined for the
pure detergent.

Since only a very small amount of impurity

is required to cause a peak and the molecular weight cal
culated for n-Cj^ by subtracting "^cG from t i s

slightly larger

than the true value, the ifcolecular weights of the detergents
with peaks on their turbidity curves were calculated by sub
tracting ?”c0 from*t~.
The data for NaphtC^, TetraC^ and CHPI1C2 had several
things in common.

All of them exhibited peaks on their tur

bidity curves in water as well as salt solutions.

Micellar

weights were calculated as discussed before by subtracting
T Cq f r o m t

Due to their high values of c0 , little change in

the charge on the micelle or micellar weight was expected with
increasing salt concentration.

This was found to be the case.

Micellar weights in water for the detergents were:
NaphtC^, 25,000; TetraC^, 47,000 and CHPhC 2 , 20,000.

Other

data for these detergents are given in Tables V, Vi , VII,
XIX, XX and XXI and Figures 26, 27,

25, 2 9 and 30.

Two Interesting observations were made on the turbidity
data for detergent solutions which exhibit peaks near cQ .
As salt concentration increased the peaks moved toward lower
concentrations and became progressively larger, indicating
that the species which cause turbidity below c0 may exhibit
a charge effect similar to that of detergents in salt solutions.

Turbidity vs Concentration for NaohtC

O - 0.025 M NaBr
O - 0.050 K NaBr

100

200
c x 10^ (gm/ml)
Figure 26

300

400

vs l<£-eo) for NaphtC^

H C < t -<^>

5

^ 4
i
P

£

- Water

O

- 0.025 K NaBr

. □

- 0*050 M NaBr

3
0

50

100
(c-C^x 10^ (gm/ml)
Figure 27

150
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Table V
Summary of Results for ui(^-Naphthyl)-butyltrimethylammonium Bromide
Water

0.025 M NaBr

0.050 M NaBr

A

4.0 x 10-5

3.9 x 10"5

3.5 x 10-5

B

1.4 x lO-^

0.95 x 10*5

1.0 x 10-5

Mi

322

322

322

«1

44.1 x 10*6

33.2 x 10*6

27.0

n3

0

0.025 x 10*5

0.05 x 10“3

P

0

0.201

0.201

E

1

0.660

0.480

P

9

9

11

m

87

86

96

mMj

28,000

28,000

31,000

1/A

25,000

26,000

28,500

Solvent

x 10“6

Turbidity vs Concentration for TetraC^

II
II
1 9

,

I

O - Water
□ - 0.025 M NaBr
O -

200

100

c x 10^ (gm/ml)
Figure 2d

0.050 M NaBr

300

f t ~ ~ 0 ~~ vs

c°

for TetraC4

3

o
*
^1
tJ
1
1

2

O “ Water
0 ~ 0.025 M NaBr
□ - 0.050 M NaBr

1
0

50

100

150
CO.

(c-ca ) x 10^ (gm/ml)
Figure 29
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Table VI
Summary of Results f o r tv(P-Tetryl)-butyltrimethylaramonium Bromide
Qvent

Water

0.025 M NaBr

0.050 M NaBr

A

2.15 x 10"5

2.08 x 10"5

1.95 x 10”5

B

2.3 x 10”4

0

0

Mi

326

326

326

nl

44.5 x ICf6

33.2 x 10'6

27.6 x 10"6

0

0.025 x 10" 5

0.050 x 10-5

0

0.262

0.262

E

1

0.680

0.555

P

7

0

0

m

150

147

157

mMi

49,000

48,000

51,000

1/A

46,500

48,000

51,000

n3
P

Turbidity vs Concentration for CHPhC2 in Water

Turbidity

10<

0

200

100
c x 10^ (gm/ml)
Figure 3 0

300

o»
-o

as

Table VIT
Summary of Results for ^(/•-CyclohexylphenylJ-ethyltrimethylammonium Bromide
lvent

Water

A

5.0 x 10"5

B

0.35 x 10"

«1

326

nl

30.7 x 10"

n3

0

P

0

E

1

P

3

m

64

mMj

20,900

1/A

20,000

*9

It was also noted that on dilution of the detergents
which exhibited peaks on the turbidity curves to a point
below the critical micelle concentration, some time was required
before the final value of the turbidity was reached.
quantitative rate study of one solution was made.
given in Table VIII and Figures 31 and 32.

A semi-

Data are

A NaphtC^ solution

that had a cG of 137 x 10“^ gm/ml, was diluted by adding solvent
from 168 x 10“^ gm/ml to 124 x 10“^ gm/ml.

The timer was

started and the scattering cell placed back in the light scat
tering photometer.

The turbidity was determined at different

time intervals and a plot of TT v
and a smooth curve drawn.

a plot of In (T^-XT)

time

(Figure 31) wfis made

From this curve a final T-* of

184 x 10“4 cn^was estimated.
of T ,

s

v s

After trying several functions
time

(Figure 32) was made.

gave a straight line if one considers an error of only fc

This

0.5

galvonometer units, not to consider other possible errors.
This data covers a time of approximately 1.5 hours.

The X of

the solution was determined three hours later and it had a
value of 202 x 10”^ cm*
value for

This would indicate that the previous

was incorrect.

However, this last point is of

questionable value because of the time interval and other factors.
This delay in reaching a stable turbidity may be
attributed to two possible mechanisms.
which the micelle dissociates.

One is the rate at

The second possible controlling

step is the rate at which the insoluble materials diffuse
through the solution and agglomerate to give scattering centers.
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Table VIII
Change in Turbidity with Time
on Dilution of an Impure Detergent
Time (Seo.)

Turbidity x 10**

100

75.00 x 10 *

150

85.8

175
225

100.5

262

300
350
550
§00
630
670

92.7
109.1.0
113.7
122.1

128.9
135.8
137.8

710

139.7
1*1.7

900

152.0

1200

158.8
103.7
167.7

1500

1750
2200
2600

3000
3600

172.6

173.0
175.5
170.5

*500

179.*

5200

180.9
198.5

1**00

Turbidity

150-

Turbidity vs Tine for NaphtC^ Solution
after Dilution

I

50L
0

1000

2000
Time (sec)
Figure 31

3000

4000

92

In ( T f “TT) vs Time for NaphtC^

100

after Dilution

o

rH

(t>r)

X

10

o- Curve I
□ - Curve II

0

4000

2000
Time

(sec)

Figure 32
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It is possible that both of these steps enter into the picture,
since it is possible to obtain two slopes if ^

is taken as

202 x 10"^ cm"^ as seen in Figure 32.
The reverse step of solubilization of the impurity seems
to be a faster reaction since there is little delay in reaching
a final turbidity when the detergent concentration is increased.
A plot of turbidity vs concentration for BiPhC2 is shown
in Figure 33*

It is seen that the curve i3 different from

that of other detergents in this study in that it reached a
solubility limit of 0.01 gm/ml and does not have a peak.

On

reaching the solubility limit, the detergent precipitated in
the form of fine crystal platelets.

A molecular weight was

not calculated because of the nature of the curve and the appar
ent insolubility of the micelle.

Because of its structure,

BiPhC2 can easily form a lamelar type micelle with a high
degree of crystallinity.
D.

Solubilization
A study of the solubilization of benzene and its effect

on micellar size was made.

Turbidities were determined by

the procedure discussed in experimental methods.

When micellar

weights were calculated, it was assumed that the value of H
was constant, with or without benzene.
shown in Figures 34 and 35*

Turbidity data are

The solubilized benzene lowered

slightly the cc of the detergents.

The micellar weight of

n“^14 increase<2 from 27,000 to 33,000 on solubilization of
benzene.

TetraC^ increased from ^9,000 to 56,000 and CHPhC2

went from 21,000 to 30,000.

Solubilization of benzene caused

only a slight increase in the micellar weight of NaphtC^.

Turbidity vs Toncertration for BiFh

100
c
r-t

rurbi ii ty

X

0

100
c x 10^

150
(gn/nl)

Figure 33

200
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Turbidity vs Concentration for n-C
Saturated with Benzene

20

10

0

200

100
c x 104 (gm/ml)
Figure 34

Turbidity vs Concentration for Detergents
Saturated with Benzene

Turbidity

x

0

100

200
c x 10^ (gm/ml)
Figure 33
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The amount of benzene solubilized by the detergent
solutions at 26°C was determined according to the procedure
given in the previous chapter-

It was found that n - C ^

solubilized the greatest amount of benzene with TetraC^ and
CHPhCg following in order-

NaphtC^ solubilized only a small

amount of benzene while BiPhCg did not solubilize any.

These

data are given in Figures 36 through 39 and Tables XXIII through
XVI in the Appendix-

The solubility of benzene in water was

found to be 0*14 gm/100 ml of water, which is in agreement with
the literatureSolubilization of benzene by TetraC^ was also determined
at 15°C and 30°C in an attempt to calculate an apparent heat
of solubilization for benzene-

However, since differences in

the points were less than the experimental scatter of the method,
the heat of solubilization could not be determined.

The maxi

mum value that the heat of solubilization could have, based
on experimental scatter, is less than a kcal/mole.

This is

not unreasonable since values reported in the literature for
other compounds range from 1.5 to 4*7 kcal/mole.
The number of detergent monomers and benzene molecules
per micelle was calculated by solving the following equations.

where X and Y are the number of benzene and detergent monomers
per micelle.

The ratio of grams of benzene to grams of deter

gent was determined from the solubilization curves-

The results
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are summarized In Table IX*
n "^14 *8 *PProximately

The ratio of Bz to monomer for
same as is found with n - C ^ •

The ratio is less than 1:1 for TetraC^ and NaphtC^.

Data

for CHPhCg give a ratio larger than 1:1* however, this is pro
bably in error due to insufficient solubilization data.
S.

Discussion
At the beginning of this investigation, models of the

different detergents were constructed from Fischer-Hlrschfelder
atomic models to visually inspect possible configurations of the
detergent monomer in the micelle.

It was concluded that an

ordered arrangement approaching that of a crystal was possible
with the BiPhCg and NaphtC^.

The TetraC^ and CHPhCg models,

due to their aliphatic rings, were similar to a coiled normal
alkyl compound but with restricted movement.
On obtaining micellar weights and solubilization data,
a series of calculations were made in an attempt to correlate
the size and shape of the monomer to that of the micelle.
Reich1s t h e o r y ^ states that the size of the micelle is deter
mined by the following relationship.

Since the area of the exposed hydrophobic chain will change on
going into the micelle, the use of areas to determine the size
of a micelle may be in error.

Assuming that the micelle

1^1. Reich, "Factors Responsible for the Stability of
Detergent Micelles," J. P h y s . C h e m ., LX (1956), 257.

Table IX
Summary of Reaulta for Detergent Solutions
with Benzene Solubilized
Compound

n-Cl4

NaphtCi^

TetraCij

CHPhC2

Micellar weight

83,000

22,000

56,000

30,000

m (detergent
without Bz)

d7

87

150

64

m (detergent
with Bz)

200

65

155

64

m (b z )

200

I1*
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.

119

104
is a pauedo-liquld covered with polar groups, the number of
detergent molecules in the micelle will be governed by the
relation between the area of the polar group and the
of the hydrophobic part.

volume

For a spherical micelle the relation

ship is obtained by solving the equations for the area and
volume of a sphere for the radius and then equating to give

where vm is the volume of the monomer and am is the area
of the polar group.

Outlines of molecular models of the deter

gents were traced on graph paper and the length, volume, and
area of the polar group computed.

The calculations were made

using the full scale dimensions of the models which were scaled
1 cm to equal 0.66 ft.

The number of monomers, N, was obtained

from light scattering data, part of which was taken from the
literature
The first set of calculations was on the normal alkyl
detergents.

Taking known values of N and vm , equation

was solved for am .

(4fi)

The length of the hydrocarbon chain was

measured from the model and the radius of the micelle was cal
culated by finding the radius of a sphere that had a volume
equal to N x vm .

The data are summarized in Table X.

It la seen that the calculated radius is smaller than the
chain length.
the micelle.

This Indicates that the monomers are colled in
It was also found that the calculated area of

l^Debye and Anacker, oj>. c l t .

Table I
Summary of Calculations Based on a Spherical
Model for the Micelle
len. of chain
(cm)

r of micelle
(cm)

N
(Det.)

n-cio

23

19.5

36

—

890

133

n-C12

29

23.6

50

—

1110

140

i-O u

34

30.3

90

—

1300

128

n-C12 t Bz

29

41

150

138

1110

140

n-C^^ * Bz

34

45

200

200

1300

125

Compound

N
(Bz.)

(cmP

Area of Polar group from Model * 80 cm?
Volume of Benzene « 650 cnP

TetraC^

w

w*

r

1

N (det.)

vm

7

13

15

24

144

1700
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the polar group was larger than the measured area.
be due to several factors.

This may

The charge on the polar group

may Increase the effective area and hydration of the polar
group is very likely.

Cobble and Powell*'5 in a paper on

inorganic ions used an effective radius equal to the normal
covalent radius plus 2 X for cations and the covalent radius
plus 1 X for anions.

Such an increase added to the measured

area of polar head would give a value approaching that of the
area calculated from equation (4$).
In the case where benzene was solubilized, the volume
occupied by the benzene was added to that of the detergent
when calculating the volume of the micelle.

{—

-J/ -

[

■

<

»

The area was determined in the same manner as before.

>
Remarkable

agreement is obtained for the area with and without benzene
as shown in Table X.

It is seen that in the presence of ben

zene the calculated radii are larger than the measured ones.
This means that a hole would exist in the middle of the micelle
unless it was filled with benzene.

The number of benzene

molecules necessary to fill the hole is "'-24 for n-C12 and
probably the same for n - C ^ .
In order to show the values used for monomer dimensions,
a comparison was made between the molecular volumes of benzene

^ J . W. Cobble and R. E. Powell, "Empirical Considera
tions of Entropy. I. The Entropies of the Oxy-anions and
Related Species," J. Chem. Phys., XXI (1953)» 1443.
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and decane calculated by dividing the molar volume by
Avogadro's number and molecular volumes obtained from the
models.

The molecular volumes based on molar volume are

145 2^ Tor benzene and 31# 2^ for decane.
Experimentally
3
3
determined values were 193 2 and 264 2 respectively.
The
values obtained compare quite well since effective volumes
within a micelle are probably somewhat different from those
in a bulk liquid phase.
A slightly different approach was taken in the case of
the more rigid cyclic detergents, where the additional

restric

tion was made that the hyurocarbon tails cannot i l l 1 the cen
ter of the micelle because of their structure,
the micelle is shown Lri figure 40.
four variables:

the radius

a model of

It is seen that there are

(r) of the inner h o 'e , the length

(1) of the hydrocarbon chain, the radius ( w 1) of the polar
head and the radius (w) of the hydrophobic chain.

The radius

of the hole is determined by the other variables and is given
by the following equation derived from geometrical relationships.
(50)
Measurements were taken from a model of TetraC, and calculaMtions were made to determine its nicellar size.
It was found
that in a spherical micelle, TetraC^, the hole would be equiva
lent to -^22 Bz molecules and molecular weight would be about
45*090.

The experimentally determined value was 47»90n.

With

the impurities in the system, it is possible that the micelle
may fill the hole by solubilizing some of the impurities and
remain spherical, otherwise the micelle would have to assume
some other shape.

Detergent Monomer
/ /

1
Croee Section of Spherical TetraC^ Micelle
Figure 40

109

Since the naphthalene ring is smaller than tetralin,
a spherical micelle with a smaller hole could be formed*
allowing a smaller micelle with decreased solubilization.
Experimental data support these conclusions In salt solutions the charge is reduced, thus reducing
the effective area of the polar group and increasing molecular
weight.

However, in the case of CPC as reported by A n a c k e r , ^

on increasing salt concentration the charge increased.
possible explanation is now given.

A

If one builds a model of

the monomer it is seen that ohe relation of the pyridine ring
to the alkyl chain may take two forms as shown in the 3 ketch
below.

When it is at right angles to the alkyl chain its effective
area is ^-200 cm^»

This would give a small value of a calcu

lated molecular weight
measurements-

(1 0 ,0 0 0 ) as is found with light scattering

It is postulated that on increasing the salt

concentration, the charge of the pyridine group is changed so
that the chloride gegen ion is allowed to be removed.

This

results in the pyridine group assuming a linear position and
decreasing its effective area to ^ 150 c m ' .
the micellar weight would increase.

Anacker, o£. c i t -

With this decrease
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T a r t a r ^ in a recent paper presented some calculations
for predicting the molecular weight of detergents.

All of his

values for calculated molecular weights were high except for
n-Cig compounds which were low.
that two different effects occur.

A suggested explanation is
One is that the effective

area of the polar group would increase with Increasing charge
as c 0 decreasesi
weight.

tending to cause a decrease in molecular

The opposing effect is that the ratio of the area

of the polar head to volume of the monomer decreases with
increasing V, tending to Increase the molecular weight.

The net

result is that the forces could combine to give a minimum in
molecular weights at
Equation

Y

* 12.

(7) can also be developed from equation

- A + BY
Equation

(43).
(7)

(43) is solved for Vjjj and the following expression

is obtained.
(51)
In a homologous series am is constant, therefore vm is pro
portional to N .

Since vm is a function of

Y, an

equation can

be written which is identical to equation (7)•
It was concluded from the data and calculations on the
straight chain and cyclic compounds that the solubilizing
power of a detergent depends upon the ability of the monomer

V. Tartar, "On the Micellar Molecular Weights of
Normal Paraffin Chain Salts in Dilute Aqueous Solutions,"
J. Colloid Sci., XIV (1959), 115-22.
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to uncoil and on the nature of the hydrophilic group.
XI summarizes data taken from the literature
types of detergents.

Table

on various

It has also been shown that the alkyl

trimethyl quaternary detergents solubilize more benzene than
the corresponding amine hydrochlorides.

19

If one assumes that

cationic groups have a larger effective radii than anionic
20
ones I
a relationship is seen between the size of the head
and the amount of material solubilized.

The larger the head

is the greater the solubilizing power.

This would indicate

that at least part of the solubilized material is held between
the hydrophobic chains near the heads, where the largest
volume is available when the detergents are stretched out.
This is also correbrated by Sardisco
detergents.

21

in studying nonionic

He reports an unusually high solubilizing power

for some sucrose esters.

In these nonionic detergents,

the

polar head is approximately two-thirds of the detergent mono
mer.

Visual examination of models of the sucrose esters

indicate a great deal of volume near the polar group is avail
able for solubilization when the detergents are uncoiled.

A

rough calculation based on molecular models showed that the
amount of benzene that could be solubilized was of the same
order of magnitude as found by Sardisco.

^ M . £. L. McBain and E. Hutchinson, Solubilization
and Related Phenomena (New York:
Academic Press Inc., 1955)•
FpT TFFVT.-----------l^Debye and Anacker, 0 £. c lt.
20
Cobble and Powell, o£. c l t .
^ J . Sardisco, M. S. Thesis, Louisiana State University,
Baton Rouge, Louisiana, 1958.

Table XI
Solubilization Data for
Different Types of Detergents
(0.3 N Detergent Solutions)
Type of detergent

Long-chain
group

Length
S.

moles/l.

n-Heptane ,
“moles/l.

17.8

0.012

0.07

“Cl2^0”

18.43

0.010

0.077

Sulfates

n-J1 2 0S0-

19.5

0.0057

0.101

Amine hydrochloride

n-C1 2 NH4-

17.53

0.014

0.26

Fatty acid

11-C1 3 O-

Sulfonates

—

SUMMARY
An investigation of the effect of the shape of the
detergent monomer on the c0 and micelle size and shape
was made.

For this study a series of pseudo-isomeric cationic

detergents were synthesized.
study were: n - C ^ ,

NaphtC^,

The compounds prepared in this
TetraC^, and BiPhC2 » and CHPhCg.

Critical concentrations were determined from turbidity
curves.

All of the cyclic compounds had high critical con

centrations.

The c0 of NaphtC^ and TetraC^ were the same.

BiPhC2 and CHPhC^ were the same only in water.

The values

of cc decreased with increasing salt concentration.

The

data gave a series of straight lines when plotted as In
(cQ r ca ) vs In (cQ ) as was expected*

A linear correlation

was obtained between the log of c0 and the relative area
of the hydrophobic part of the detergent as determined from
Fischer-Hirschfelder atomic models of the detergents.
Micellar weights were determined by light scattering.
Micellar weights determined for the detergents in water weree
n “C14* 27»000; NaphtC^, 25,000; TetraC^, 47,000 and CHPhC^,
21,000.

Only in the case of n-C-j^ did the micellar weight

increase greatly with salt concentration.

The micellar

weights of other detergents did not Increase much in salt
solutions since there was already present a swamping electro
lyte due to their high critical concentrations.

BiPhCg pre

cipitated on reaching an apparent critical concentration.
113
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It was found that some time was required for the
turbidities to reach a final stable value when a detergent
with an impurity in it was diluted to a concentration below
cQ .

The rate controlling step may be the dissociation of

the micelle or agglomeration of the insoluble impurity*
Solubilization of benzene by the detergents was
investigated.

The order of solubilizing power was as follows:

n ”C14 ^ TetraC^ y

CHPhCg > NaphtC^.

BiPhC2 did not solubilize

any benzene*
A series of calculations based upon volume-area relation
ships of molecular models and detergent data indicate that a
spherical shaped micelle is possible for the normal alkyl
detergents*

In the case of the cyclic detergents, a spherical

model could not be formed due to the configuration of the
hydrocarbon chains unless a small amount of impurity was
present.
was

It was found that the solubilising power of a detergent

related to the type of polar group, the larger the area

o f the head the greater the solubilizing power.
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Table XII
Monomeric Molecular Weights
n-Cl4

336

PhC5

258

PhC^

272

PhC5

286

PhC6

500

NaphtC4

522

TetraC4

526

BlPhC2

520

CHPhC2

326

Bz

78

Table XIII
Evaluation of An/c for n-Cj^

o x 10^ (gm/ml)
6.75
15.46
26,96

A n x 10^
1.11
2.12
4.17

The value of An/o from a plot of data is 0.15?.
Evaluation of An/o for TetraCi|
it
a
o x 10
(gm/ml)
A n x 10
28.8
42.6
57.6
85.2

4.69
7.46
9.57
14.6

The value of An/o from a plot of data Is 0.170.
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Table XIV
Evaluation of A n / c for
c x

10**(gm/ml)

PhC^
A n x 10**

25.2
44.5
63.5

5.96
7.09
10.22
Evaluation of An/c for

c x

10^ fgm/ml)

PhC||
An x

10^

16.9

2.61

46.3
70.5

7-72
12.52
Evaluation of An/c for PhC^

c x

10^ (g m / m l )
28.3
41.2
75.5

An x

10

4

4.28
6.93
12.77

The value of An/c from plot for theae compounds is 0.l60.
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Table XV
Evaluation of An/c for NaphtCi*
Solvent
h

2o

c x IQ1*fgm/ml)

An x 1 0 ^ fBlue 1 A n x IQ1*fGreen)

6.4
12.8
18.8
19.2
37.6
38.2
56.4

1.47
2.96
4.15
4.31
8.42
8.84
12.65

11.76

0.025 M NaBr

0
15.47
30.94
6 l.i

3.68
7.14
10.55
17.12

3.38
6.72
9.88
16.17

0.050 M NaBr

0
10.9
21.8
43.6

7.28
9.65
12.10
17.00

6.90
9.21
11.49

_ — —
—

-

3.84
— — —

7.98

16.11

Average values of A n / c from plots
of the data are 0.224 for blue light
and 0.225 for green light.
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Table XVI
Evaluation of A n / c for CHPhC2
o x 10

4

(gm/ml)

15.9
25.2
50.0
42.5
65.7
127.0
298.0
426.0

ii
A n x 10^
2.29
5.38
4.48
7.14
10.74
20.20
54.5
75.1

TTie value of An/c from plot of data is 0.175.
Evaluation of An/c for BlPHCg
c x 10

4

(gm/ml)

8.5
25.4
50.8

A n x 10

U

1.98
5.96
12.06

The value of An/c from plot of data is 0 .2 5 8 .
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Table XVII
Summary of Critical Micelle Concentration
o0 x I06
^molea/ml)
n-Ci4

NaphtCii

TetraCj^

CHPhC2

BlPhC2

ca x 106
(molea/ml)

( Co ■* Cg) X 10^
(molea/ml)

3.12

0

3.12

1.64

25

26.64

1.19

50

51.19

44.1

0

44.1

33.2

25

58.2

27.0

50

77.0

44.5

0

44.5

33.2

25

58.2

27.6

50

77.6

30.7

0

30.7

1 8 .7 -21.8

25

45.0

12.6-14.1

50

63.7

32.8

0

32.8

22.0

37

59.0

10.3

139

149-3
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Table XVIII
Turbidity Data f >r n-Ci 4 In H2O
c x

10^

(gm/ml)

9.7
17.0
28.5
28.7
48.0
65.0

99.0

156.0
278.0

Turbidity Data for n-C
c x

10^

(gm/ml)

23.4
45.1
65.3
83.9

2.3
2.7
4.0
5.4
5.1

6.6
8.3
In 0.025 M NaBr
Turbidity x 10^
5.3
9.6
13.3

16.0
18.0

118.1

20.7

Turbidity Data for

104

(gm/ml)

11.7
22.0
42.0
42.4
61.4
79.1
95.3
110.5
125.0

139.0
160.0
1 6 3 .6

1 0 *

0.2
1.2

101.8
133.0
147.2
174.0

c x

Turbidity x

22.8
25.0

26.9
-C X4 In 0.050 M NaBr
Turbidity x 10^*
3.0

6.0
11.3
12.3

18.0
21.5
25.5
27.9
29.1
31.6
35.6
35.5
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Table XIX
Turbidity Data for NaphtC^ In H 2O
c x

10^

(em/ml)

4.2
50.3

Turbidity x

10*

1.0
0.6
6.0

65.0
87.0
125.0
174.0
200.0
250.0

16.5
36.2

294.0
555.0

44.2
51.5

10.5
14.6
25.5

Turbidity Data for NaphtC^ in 0.025 M NaBr
c x

104

(gm/ml)

90.0

101.0
130.0
168.0
212.0
226.0
300.0

Turbidity x

i o 1*

550.0
104.0

12.5
22.0
34.4
38.1
52.5

Turbidity Data for NaphtCjj In 0.050 M NaBr
c x

10^

(gm/ml)

46.0
85.0
126.0

Turbidity x
15.8
9.7
18.8

166.0

28.2

196.0

36.8

260.0

52.3

104

i2d

Table XX
Turbidity Data for TetraC^ In HgO
c x 10

li

(gm/ml)

57.0

107.0

Turbidity x 10
4.1
9.4

140.0
143.0
164.0
184.0

82.0
60.0
23.3
27.0

253.0

41.5
51.5

280.0

60.0

220.0

4

Turbidity Data for TetraC^ in 0.025 M NaBr
c x

10^

(gm/ml)

19.1

27.8
53.0
105.0
140.0
158.0
165.0
185.0
226.0
272.0
372.0

Turbidity x 10

4

15.0
37.0
64.5

300.0
27.5
33.8
37.0
42.7

58.2
80.0

124.0

Turbidity Data for TetraCii in 0.050 M NaBr
c x

4
10 (gm/ml)
15.0
30.4
43.9

90.0
100.0
109.0
121.0
139.0
188.0

Turbidity x 10^
20.3

83.0
152.0
15.8
22.2
18.3
25.2
30.2
50.2
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Table XXI
Turbidity Data for CHPhC2 In H2O

s. x lolLim/foU
81.0
98.0
128.0
162.0
195.0
260.0
328.0

Turbidity

87.O
27.3
8.0
12.8
28.0

27.2
36.0
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Table XXII
Turbidity Data for n - C ^ In H 2 0 -B*
o

x

10^ fgm/ml)

Turbidity

x 10^

10.0

2.1

23.0
29.0

4.0
5.9

52.0

12.0

104.0
270.0

27.8

12,1
Turbidity Data for TetraC^ in HgO^Bc

o x 10** (gaiAil)

Turbidity

104.0
217.0
236.0

72.0

289.0

100.0

x 10^

21.0
70.0

Turbidity Data for NaphtCjf in H^O-Ba
0

x IQ1* (ga/tnl)
4.4
30.3
64.5
138.0
155.0
1B9.0

Turbidity

x 10*

0.03
1.1
73.3
11.5
16.0
25.0

Turbidity Data for CHPhCg in HgO-Ba
0

x

10*

Cm/ml)

frirbmfr

98.0

122.0

128.0
210.0

13.0
27.0

ff ;o*
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Table XXIII
Solubilisation of Bensena by n - C ^
o x 101* (gm/ml)

Orams of Bs/100 ml.
Detergent Solution

0.0

0.130

7.9

0.105

11.8

0.120

12.0

0.095

19.7

0.165

39.4

0.215

62.9

0.310

125.8

0.403

251.6

0.686
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Table

XXIV

Solubilization of Benzene by NaphtC^
o x IQ1* (gm/ml)

Grams of Bz/100 ml
Detergent Solution

0.0

0.130

2.2

0.136

14.5

0.l4i

27.9

0.155

55.8

0.154

111.5

0.166

* 00.0

0.211
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Table XXV
Solubilization of Benzene by TetraCij
c x IQ1* (gm/ml)

Grams of Bz/100 ml
Detergent Solution

0.00

0.130

7.6

0.085

15.1

0.090

22.7

0.110

37.8

0.120

74.2

0.145

148.4

0.198

296.7

0.324
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Table XXVI
Solubilization of Benzeriw by BiPhC2
h
o x 10

(gm/ml)

Grams of Bz/100 ml
Detergent Solution

0.0

0.150

5.3

0.141

10.2

0.146

25.9

0.153

37.4

0.141

112.1

0.149
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